The assessment of human epidermal growth factor receptor 2 (HER2) status is crucial for selecting patients with gastric cancer who may benefit from HER2-targeted therapy. Accurate assessment using biopsy specimens is important for patients with advanced-stage cancer. Intratumoral heterogeneity of HER2, however, is a major challenge in HER2 testing. Here, we aimed to examine whether assessment of HER2 status could be accurately carried out with currently used methods, namely, immunohistochemistry (IHC), FISH, and dual-color in situ hybridization (DISH). Human epidermal growth factor receptor 2 status was evaluated in 108 biopsy tissues from patients with gastric adenocarcinoma and 70 matched surgical specimens by IHC, FISH, and DISH; HER2 amplification was detected in 11 (10.2%) out of 108 biopsy specimens. The IHC and FISH results were well correlated, and FISH and DISH results were consistent for all cases. The overall concordance rate of HER2 status between biopsy tissues and surgical specimens was 91.4%. All six discordant cases were false negative on biopsy; of these cases, five showed HER2 heterogeneity on surgical resection. Assessment of the HER2 status of biopsy tissues could predict the status of the whole tumor; however, a proportion of these cases may be discordant because of intratumoral heterogeneity.
The assessment of human epidermal growth factor receptor 2 (HER2) status is crucial for selecting patients with gastric cancer who may benefit from HER2-targeted therapy. Accurate assessment using biopsy specimens is important for patients with advanced-stage cancer. Intratumoral heterogeneity of HER2, however, is a major challenge in HER2 testing. Here, we aimed to examine whether assessment of HER2 status could be accurately carried out with currently used methods, namely, immunohistochemistry (IHC), FISH, and dual-color in situ hybridization (DISH). Human epidermal growth factor receptor 2 status was evaluated in 108 biopsy tissues from patients with gastric adenocarcinoma and 70 matched surgical specimens by IHC, FISH, and DISH; HER2 amplification was detected in 11 (10.2%) out of 108 biopsy specimens. The IHC and FISH results were well correlated, and FISH and DISH results were consistent for all cases. The overall concordance rate of HER2 status between biopsy tissues and surgical specimens was 91.4%. All six discordant cases were false negative on biopsy; of these cases, five showed HER2 heterogeneity on surgical resection. Assessment of the HER2 status of biopsy tissues could predict the status of the whole tumor; however, a proportion of these cases may be discordant because of intratumoral heterogeneity.
T he effect of trastuzumab in gastric cancer was first identified by the Trastuzumab for Gastric Cancer study (ToGA study); subsequently, this anticancer agent has been applied in the management of patients with advanced gastric cancer. A recent study showed improvement in the overall survival of patients with human epidermal growth factor receptor 2 (HER2)-positive advanced gastroesophageal and gastric cancer who were treated with chemotherapy plus trastuzumab compared with overall survival in patients who received conventional chemotherapy alone.
(1) Therefore, accurate and detailed assessment of HER2 status using biopsy tissues and specimens from surgical resection in cases of advanced or metastatic gastric cancer plays an important role in patient care.
The evaluation of HER2 status has been carried out in a large number of studies using core needle biopsies in patients with breast cancer. (2) (3) (4) (5) A recent study reported that the concordance rate of HER2 immunohistochemistry (IHC) and FISH between core needle biopsies and specimens from surgical resection is 96-98%. (6) In contrast, the concordance rate of HER2 status between biopsy and surgical resection specimens in gastric cancers detected by in situ hybridization (ISH) ranges from 74.1% to 96.1%. (7) (8) (9) Intratumoral heterogeneity is thought to be one of the causes of this relatively low concordance. While HER2 intratumoral heterogeneity may not always yield false-negative results on biopsies, the effects of intratumoral heterogeneity and technical problems, such as complications with HER2 detection or lack of a sufficient number of biopsy specimens, on assessment of HER2 status have not yet been fully evaluated.
Three diagnostic techniques are currently approved for assessing HER2 status in clinical practice: IHC, FISH, or dualcolor ISH (DISH). Fluorescence in situ hybridization is the gold standard method for evaluating HER2 status. However, FISH requires dark-field fluorescence microscopy, and it is therefore difficult to evaluate intratumoral heterogeneity in whole sections during FISH. In contrast, DISH is a relatively new method that can be used with a bright-field microscope and preserves specimen integrity. Therefore, DISH is appropriate for morphological observations of large areas and simultaneous gene expression analysis. (10) (11) (12) Because gastric cancer frequently shows intratumoral heterogeneity of HER2 and HER2 gene amplification is significantly correlated with histological subtype, DISH is a powerful method for analysis of HER2 status in gastric cancers.
Overexpression of HER2 protein in association with HER2 gene amplification has been found to promote tumorigenesis and is associated with poor prognosis in several human cancers. (13, 14) A recent study reported that heterogeneous HER2 amplification in tumors is associated with poorer prognoses than homogeneous HER2 amplification in tumors for patients with breast cancer. (15, 16) However, studies investigating the prognostic significance of HER2 in gastric cancer are still limited, (17) (18) (19) (20) (21) and the characteristics and therapeutic effects of intratumoral heterogeneity have not yet been fully examined.
In the present study, we aimed to examine whether assessment of HER2 in biopsy specimens from patients with gastric cancer could be carried out accurately using IHC, FISH, and DISH and to determine whether intratumoral heterogeneity affected the results of HER2 assessment. Furthermore, we investigated the relationships between HER2 status and clinicopathological features in patients with gastric cancer and evaluated the prognostic significance of HER2 and intratumoral heterogeneity.
Materials and Methods
Case selection and tissue preparation. This study was approved by the Ethics Committee of Mie University Hospital (Tsu, Japan). A total of 108 consecutive patients with primary gastric adenocarcinoma who underwent biopsy at Mie University Hospital between 2009 and 2011 were enrolled. Of these patients, 70 (including 22 cases with metastatic lymph nodes) underwent surgical resection. All clinicopathological parameters, including patient age, gender, tumor location, tumor size, histological classification, pathological TNM stage, and lymphovascular invasion status, were reviewed. The lymphatic and vascular invasions were investigated using D2-40 immunostaining and Victoria blue special staining, respectively. Histological classification was determined according to WHO and Lauren's classifications. In the biopsy series, we analyzed 249 tumor tissue pieces (a mean of 2.3 pieces for each case). In the surgical resection series, we analyzed whole sections of 70 tumor tissues and 202 regional lymph nodes from 22 cases with lymph node metastasis. All tissues were fixed with neutral-buffered formalin for 24-48 h, routinely processed, and embedded in paraffin. The tumor tissue was cut from the most representative block of the lesion, avoiding areas with massive ulceration ⁄ necrosis. Tissue sections measuring 3-lm thick were used for H&E staining, whereas sections measuring 4-lm thick were used for IHC, and sections measuring 5-lm thick were used for FISH and DISH.
Immunohistochemistry. Human epidermal growth factor receptor 2 IHC was carried out using an automated slide stainer (Bench-Mark XT; Ventana Medical Systems, Tucson, AZ, USA). Tissue sections were deparaffinized and rehydrated, and antigens were retrieved for 36 min in EDTA (pH 9.0) at 95°C. The primary antibody was the PATHWAY HER2 ⁄ neu (4B5) rabbit mAb (Ventana Medical Systems). 3,3
0 -Diaminobenzidine-tetrachloride was used as the chromogen, and the tissue sections were counterstained with hematoxylin II and Bluing Reagent. Human epidermal growth factor receptor 2 IHC was assessed according to the modified IHC scoring system used for the ToGA study. (22) In surgical resections, an IHC score of 0 was given if there was no reactivity or membranous reactivity in less than 10% of tumor cells. An IHC score of 1+ was given if there was faint or barely detectable membranous reactivity in more than 10% of tumor cells, and stained tumor cells were reactive only in a part of the membrane. An IHC score of 2+ was given if weak to moderate complete or basolateral membranous reactivity was observed in more than 10% of tumor cells. An IHC score of 3+ was given if there was moderate to strong complete or basolateral membranous reactivity in more than 10% of tumor cells. In biopsy tissues, when either complete, basolateral, or lateral staining was observed between cell-cell contacts in a membrane, as described above, for at least one carcinoma cell cluster (more than five cells), the IHC score was given independent of the percentage of the reactive area. The definition of HER2-positive was either an IHC score of 3+ or an IHC score of 2+ with positive results for FISH. Intratumoral heterogeneity of HER2 was defined as samples with 10-60% of tumor cells showing HER2 positivity. For our study, HER2 heterogeneity was defined as samples with 5-60% of tumor cells showing HER2 positivity. Biopsy tissues were considered to show HER2 heterogeneity when HER2-positive cells were recognized only in some of the biopsy tissues.
Immunohistochemical staining for p53, MIB-1, and D2-40 was carried out using an automated slide stainer. For p53 IHC, we used a mouse mAb against p53 (clone DO-7, diluted 1:100; Dako, Tokyo, Japan). The expression of p53 was assessed as follows: 3+ for more than 20% of the tumor cells showing nuclear immunostaining, 2+ for between 5% and 20% of tumor cells showing nuclear immunostaining, 1+ for less than 5% of tumor cells showing nuclear immunostaining, and 0 (none) for no staining. 0 and 1+ were regarded as low expression, whereas 2+ and 3+ were regarded as high expression. (23) For the MIB-1 index, we used mouse mAbs against ki-67 (2ndGen, prediluted; Invitrogen, Tokyo, Japan). Cases with more than 20% of tumor cells showing positive staining were regarded as having a high proliferation index. (15) For D2-40 IHC, we used a mouse mAb against D2-40 (clone D2-40, diluted 1:100; Dako).
Fluorescence in situ hybridization. FISH was carried out using the HISTRA HER2 FISH Kit (JOKOH, Tokyo, Japan). Tissue sections were deparaffinized, rehydrated, and immersed in pretreatment solution for 40 min at 95°C. The tissue sections were then rinsed three times in deionized water for 3 min and incubated in protease solution for 10 min at 37°C. The enzymatic reaction was then stopped by placing the slides in deionized water three times for 3 min each. After dehydration with alcohol, a total of 10 lL HER2 ⁄ CEP17 mixture probe (HER2 DNA probe labeled with Spectrum Orange and CEP17 DNA probe labeled with Spectrum Green) was applied to the tissue sections. The slides were co-denatured for 5 min at 85°C and incubated at 37°C for 16-20 h using a ThermoBrite instrument (Abbott Molecular, Des Plaines, IL, USA). The slides were then washed in 29 SSC plus 0.2% NP-40 at 72°C for 2 min, air dried, and counterstained with DAPI. The FISH signals were viewed with a confocal laser-scanning microscope (LSM 710; Carl Zeiss, Oberkochen, Germany). The HER2 ⁄ CEP17 ratio was determined by counting the HER2 signals and CEP17 signals in more than 40 nuclei for each tissue section. Amplification of the HER2 gene was defined as a HER2 ⁄ CEP17 ratio of higher than 2.2. Negativity for HER2 amplification was defined as a HER2 ⁄ CEP17 ratio of less than 1.8. The cut-off values for CEP17 copy number were based on a report by Seol et al.. (15) Cases with signals in the range of 1.25-2.25 were defined as having disomy 17. Other cases were considered to have aneusomy 17, that is, either monosomy 17 (less than 1.25 signals per cell), low polysomy (more than 2.25 but less than 3.75 signals per cell), or high polysomy 17 (more than 3.75 signals per cell).
Dual-color in situ hybridization. Dual-color in situ hybridization was carried out using an automated slide stainer. Human epidermal growth factor receptor 2 signals were detected using an INFORM Dual ISH HER2 kit (Ventana Medical Systems).
Pretreatment was carried out using heat treatment with citrate buffer (pH 6.0) for 12 min and enzyme treatment with ISH Protease 3 for 12 min. The HER2 ⁄ CEP17 mixture probe was denatured for 20 min and hybridized for 6 h. Stringent washes were carried out at 72°C. The HER2 probe was reacted with SISH Chromogen for 8 min, and the CEP17 probe was reacted with Red Chromogen for 12 min. The tissue sections were counterstained with hematoxylin II for 8 min and Bluing Reagent for 4 min. The DISH signals were viewed with a light microscope (DP72; Olympus, Tokyo, Japan). Assessment of the HER2 ⁄ CEP17 ratio was determined as described for FISH.
Analysis of HER2 gene amplified area in cases of HER2 intratumoral heterogeneity. We analyzed the tumor area of whole sections for HER2 heterogeneity using a DP25 microscope (Olympus), and the HER2-amplified area was measured using Image J software. (24) 
Results
Comparison of HER2 IHC and FISH results in biopsy specimens. The results for HER2 IHC and FISH in the 108 biopsies are shown in Table 1 . From FISH analysis, HER2 amplification was observed in 11 cases (10.2%; seven with an IHC score of 3+, and four with an IHC score of 2+). Human epidermal growth factor receptor 2 amplification was not found in cases having an IHC score of 1+ or 0. Intratumoral HER2 heterogeneity was observed in 4 (3.7%) out of 108 biopsies (Table S1 ). The IHC score of each tissue spot coincided with results of FISH, and HER2 amplification was observed only in areas having an IHC score of 3+ or 2+ (Fig. 1) .
Comparison of FISH and DISH in biopsy specimens. The results for FISH and DISH in the 108 biopsies are shown in Table 2 . The FISH and DISH results were consistent in all cases, and similarly, there was a significant correlation between IHC and DISH. In addition, there was a significant correlation between FISH signals and DISH signals (HER2, CEP17, and the HER2 ⁄ CEP17 ratio; Pearson correlation coefficients of r = 0.939, P < 0.001; r = 0.303, P = 0.001; and r = 0.934, P < 0.001, respectively; Fig. S1 ).
Comparison of HER2 status between biopsy and surgical resection specimens. The comparison of HER2 status between biopsy and matched surgical resection specimens is shown in Tables 3 and 4 . The concordance rate of HER2 IHC was 80.0% (56 ⁄ 70). Out of the 70 cases, 10 cases showed HER2 IHC scores of 0 or 1+ in biopsies, but 2+ or 3+ in specimens from surgical resection. Conversely, two cases were scored as 2+ by HER2 IHC in biopsies, but 0 or 1+ in surgical resection specimens. The concordance rate of HER2 status between biopsy and surgical resection specimens by DISH was 91.4% (64 ⁄ 70). Six cases showed no amplification in biopsy specimens but amplification in specimens obtained by surgical resection. When specimens obtained from surgical resection were regarded as the gold standard, the predictive value of biopsy specimens for HER2 status was as follows: sensitivity of 50.0%, specificity of 100%, positive predictive value (PPV) of 100%, and negative predictive value (NPV) of 90.6%.
The staining characteristics of concordant positive cases and discordant positive cases are shown in Table 5 . In discordant positive cases, intratumoral heterogeneity of HER2 status was found in 5 (83.3%) of six cases (Fig. 2) . In contrast, concordant positive cases showed a homogeneous pattern in both biopsy and surgical resection specimens in 4 (66.7%) of six cases.
HER2 status and clinicopathological factors. HER2 amplification was significantly associated with Lauren's intestinal type (P = 0.0038). Additionally, HER2 amplification tended to correlate with lymphatic invasion (P = 0.0817), but was not associated with age, gender, tumor location, tumor size, T or N factor, TNM stage, or vascular invasion (P > 0.05; Table S2 ).
High expression of p53 was detected in 11 (64.7%) of 17 cases of HER2 amplification and in 42 (46.2%) of 91 cases without HER2 amplification. However, no significant correlation was found between high expression of p53 and HER2 amplification (P = 0.1269). High MIB-1 proliferation indices were detected in 15 (88.2%) of 17 cases of HER2 amplification and in 64 (70.3%) of 91 cases without HER2 amplification. No significant correlations were observed between the MIB-1 index and HER2 amplification (P = 0.1050; Table S3 ).
HER2 status of primary tumor and lymph node metastasis. Of 22 cases with positive regional lymph node metastasis, overexpression of HER2 protein (score of 2+ or 3+ by IHC) was observed in seven cases (31.8%) in the primary tumor and eight cases (36.4%) in lymph node lesions (Table S4 ). HER2 gene amplification was found in five cases (22.7%) in the primary tumor and corresponding lymph nodes (Table S5 ).
Discussion
Currently, there are three methods for evaluating HER2 status: IHC, FISH, and DISH. In the ToGA trial, the concordance rate between IHC and FISH was 87%. Additionally, Cho et al. (25) reported that the concordance between IHC and silver ISH is 95%. In our study, there was no FISH positivity in cases having IHC scores of 0 or 1+ (Table 1) , and HER2 protein expression and gene amplification were significantly correlated. Moreover, the concordance rate between FISH and DISH was 100% (Table 2) , and there was a significant correlation between the number of FISH signals and the number of DISH signals (Fig. S1 ). These findings suggested that the use of different techniques did not affect the detection of HER2 status.
Previous studies have reported that the concordance rate of HER2 status between biopsy and surgical resection specimens from patients with gastric cancer, as detected by ISH, ranges from 74.1% to 96.1%. (7) (8) (9) Additionally, Pirrelli et al. (9) reported that HER2 assessment in biopsy specimens has a sensitivity of 62.5%, specificity of 96.2%, a PPV of 71.4%, and an NPV of 94.4%. In comparison with these other studies, our study showed a high concordance rate of 91.4% between biopsy and surgical resection specimens; however, the sensitivity was lower (50%) in biopsy specimens. This variation may be related to the criteria used for evaluating the tissue sections. Intratumoral heterogeneity of HER2 is defined as 10-60% of cells showing positivity, based on current guidelines. However, we used the range of 5-60% in order to examine intratumoral heterogeneity in more detail. In our study, the predictive value for the range of 10-60% was as follows: sensitivity of 66.7%, specificity of 100%, PPV of 100%, and NPV of 95.3%. The concordance rate was 95.7%. These results are consistent with previous studies, and these findings suggested that HER2 assessment using biopsy tissues could be applied for prediction of the HER2 status of the whole tumor. In this study, HER2 heterogeneity was found in 9 (52.9%) of 17 HER2-positive cases. Five (83.3%) of the six discordant cases between biopsy and surgical resection specimens showed intratumoral HER2 heterogeneity (Table 5 ). Of these, 3 (50.0%) cases showed a HER2-positive area of 5-10%. In contrast, HER2 heterogeneity with 5-10% positivity was not observed in concordant cases. These results suggested that intratumoral heterogeneity plays an important role in the discrepancy between biopsy tissues and specimens obtained from surgical resection. Moreover, these results suggest that cases with 5-10% intratumoral heterogeneity do not contribute to the false-positive rate observed during evaluation of biopsy tissues. In concordant and discrepant cases, Wang et al. (8) reported that there was no significant relationship between the number of biopsies and consistency. In contrast, R€ uschoff et al. (26) stated that at least six to eight tumor tissue pieces were needed for adequate assessment of biopsy. In the present study, the mean numbers of tumor biopsy specimens in concordant and discordant cases were 2.75 and 1.83 (when a 5% cut-off value was used) or 2.75 and 1.33 (when a 10% cut-off value was used), respectively, and there was no significant relationship between the number of biopsy tissues and concordance (Fig. S2) . However, the tumor area included in biopsy tissues tended to be larger in concordant cases than in discordant cases (5.9 AE 4.0 mm 2 vs 2.2 AE 0.8 mm 2 when a 5% cut-off value was used; 5.9 AE 4.0 mm 2 vs 2.9 AE 0.4 mm 2 when a 10% cutoff value was used, respectively; Fig. S3 ). These data suggest that the sampled tumor area may be more important than the number of biopsies during the evaluation of HER2 status. Furthermore, sensitivity, specificity, and j values were 100% in cases using more than three (when a 10% cut-off value was used) or more than four tumor tissue pieces (when a 5% cut-off value was used; Fig. S4 ). Thus, we recommend that assessment of HER2 status using biopsy tissues should be carried out with more than three tissue pieces, including a sufficient tumor volume. When it is necessary to assess fewer than three tissue pieces, cases found to be negative for HER2 may need to undergo an additional biopsy based on the possibility of intratumoral heterogeneity. Further analyses are needed to determine the appropriate cut-off values in cases of HER2 heterogeneity.
Some studies have reported that HER2 is a poor prognostic factor in gastric cancer. (18) (19) (20) However, Barros-Silva et al. (17) and Kim et al. (21) reported that HER2 expression is not associated with poor prognosis. Additionally, Cho et al. (25) reported that HER2 is not a significant prognostic factor in patients with advanced gastric cancer. In our study, HER2 gene amplification was not related to various clinicopathological factors (Table S2) . However, we found a significant relationship between HER2 gene amplification and clinicopathological factors in intestinaltype cancer (Table S6 ). These data suggested that HER2 gene amplification may be an important prognostic factor in specific subtypes of gastric cancer, such as intestinal-type cancer. Moreover, we found evidence of HER2 positivity in non-invasive cancers, and all cases showing this feature also had intramucosal HER2 heterogeneity (Fig. S5) . By careful observation of intramucosal lesions of invasive cancer with HER2 amplification, we found invasive cancers with intratumoral heterogeneity already possessed heterogeneity in the mucosa (Table S7 ). These data suggested that HER2 gene amplification could be a private mutation that may occur in relatively early stage of gastric cancer development. (27) In breast cancer, HER2 overexpression in ductal carcinoma in situ has been reported to be associated with the risk of tumor invasion and several poor prognostic features. (28, 29) However, the biological and clinical significance of HER2 in early gastric cancer is poorly understood. Further studies are needed to elucidate its biological and clinical significance.
A significant discordance in HER2 status between primary lesions and lymph node metastases has been reported in cancers of the breast, urinary bladder, and prostate. (30) (31) (32) This discordance could be explained by genetic drift during tumor progression or the presence of intratumoral heterogeneity of HER2. (29) In our study, the concordance rate of HER2 expression by IHC between the primary tumor and lymph node metastasis was 86.4% (Table S4) , and discordance of HER2 gene amplification results was not observed (Table S5 ). In cases of HER2 heterogeneity, HER2 gene status in lymph node metastases showed intralesional heterogeneity similar to that of the primary tumor (Fig. S6) . These findings suggested that HER2 testing of lymph node metastases could also be used to assess the HER2 status of the primary lesion.
In breast cancer, HER2 heterogeneity shows a cluster-type or scatter-type (mosaic pattern) distribution. (33) From a therapeutic standpoint, genetically heterogeneous tumors have been shown to be sensitive to HER2-targeted therapy. (34, 35) Currently, the NSABP B-47 trial of adjuvant trastuzumab therapy is being undertaken in patients with breast cancer showing low expression of HER2. In our study, HER2 heterogeneity was found to show a cluster-type or scatter-type distribution (Fig. S7) . The mosaic pattern manifests as a mixed subpopulation of cells showing HER2 amplification within a population of cells lacking HER2 amplification (Fig. S8) . Moreover, no significant differences in tumor growth were found between HER2-amplified and -unamplified regions (Fig. S9) . These findings suggest that there may not be competition for survival between subpopulations of cells with or without HER2 amplification. The therapeutic effects of HER2-targeted therapy may not be as obvious in tumors showing HER2 heterogeneity; thus, the effects of HER2 heterogeneity on the therapeutic efficacy of HER2-targeted treatments should be examined in clinical trials.
In summary, our study indicated that HER2 assessment in biopsy tissues may predict the HER2 status of the whole tumor by IHC, FISH, and DISH. However, some cases of discordance may occur because of intratumoral HER2 heterogeneity in gastric cancers. In cases of intratumoral heterogeneity, more accurate HER2 assessment can be achieved by analysis of whole sections and by using a combination of IHC and DISH, if possible.
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